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1800
Adjusting
transmit voltage
1810
B Disconnect load

(Optional)

1820
Disable first current source

(Optional)

1830
Adjust internal trim control to set
voltage across load
| 1840
Connect load
1850
Enable first current source
1860
Adjust ext(;rnal trim control to set
voltage across load

- 1870

Adjust internal trim control and
external trim control proportionally
(Optional)
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ON-CHIP SOURCE TERMINATION IN
COMMUNICATION SYSTEMS

CROSS REFERENCE TO RELATED
APPLICATIONS

This application 1s a divisional of U.S. application Ser. No.
11/115,117, filed Apr. 27, 2005, which 1s incorporated by
reference herein in its entirety.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present imnvention relates generally to communication
systems, and more specifically to source termination 1n com-
munication systems.

2. Background

Devices 1n a communication system generally include
transmitters to transmit information via an electrically con-
ductive medium, such as a transmission line. For instance, a
transmitter 1n a first device can transmit information to a
recetver 1n a second device, and a transmitter 1n the second
device can transmit information to a recerver in the first
device. The transmit and receive functions of a device are
often combined using a transceiver.

Components of the communication system that are
coupled to a transmitter are cumulatively referred to as the
load of the transmitter. The load has a load impedance, and the
transmitter has a source impedance. The load impedance, and
the source impedance are often matched to facilitate the trans-
fer of power from the transmitter to the load.

A source termination can facilitate matching the source
impedance and the load impedance and/or absorb retlections
on a transmission line to which the source termination 1is
connected. However, conventional source terminations are
off-chip 1n order to achueve precision output voltage ampli-
tudes, greater linearity, and/or higher bandwidth. For
example, the source termination 1s usually a discrete preci-
s10n resistor coupled to an integrated circuit (IC) chip that
includes the transmitter. Parasitics between the chip and the
off-chip source termination can cause hybrid residual for
bi-directional communication systems. Off-chip source ter-
minations can cause voltage peaking or voltage overshoot
inside the transmitter and/or at the load. The return loss per-
formance of off

-chip source terminations degrades substan-
tially at higher frequencies. For instance, the return loss asso-
ciated with an off-chip source termination can be less than 5
dB at frequencies greater than approximately 400 MHz.

What 1s needed, then, 1s a source termination that addresses
one or more of the atorementioned shortcomings of conven-
tional source terminations.

BRIEF SUMMARY OF THE INVENTION

The present invention provides an integrated circuit (IC)
chip that includes an on-chip source termination. The on-chip
source termination can be a non-precision resistor, such as an
unsilicided poly resistor, or any other suitable termination.
The on-chip source termination can facilitate matching a
source 1impedance of the IC chip and a load impedance of a
load connected to the IC chip. The on-chip source termination
can absorb reflections on a transmission line to which the IC
chip 1s connected. As compared to an off-chip source termi-
nation, the on-chip source termination can reduce voltage
peaking and/or voltage overshoot 1n the IC die and/or at the
load that 1s connected to the IC chip.
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According to an embodiment, the IC chip further includes
a line driver coupled to the on-chip source termination to
provide a source current. A bias generator can provide a bias
current to the line driver. For instance, the source current can
be based on the bias current.

In another embodiment, the bias generator combines a first
current based on an off-chip resistor and a second current
based on an on-chip resistor to provide the bias current. The
bias generator includes a first current source coupled to the
off-chip resistor and a second current source coupled to the
on-chip resistor. The first current source amplifies a current
that flows through the off-chip resistor to provide the first
current. The first current source can have a first adjustable
current gain. The second current source amplifies a current
that flows through the on-chip resistor to provide the second
current. The second current source can have a second adjust-

able current gain.

The first current source can include a first transistor
capable of manipulating the current that flows through the
off-chip resistor. The second current source can include a
second transistor capable of manipulating the current that
flows through the on-chip resistor. The bias generator can
turther include a first operational amplifier to control the first
transistor and a second operational amplifier to control the
second transistor. For example, the first operational amplifier
can be 1n a feedback of the first transistor, and the second
operational amplifier can be 1 a feedback of the second
transistor.

According to yet another embodiment, the IC chip has an
output  voltage 1n  accordance  with  equation
Vo7 KM 3 REF—K ‘NB Ve Relerring to the
equation, K 1s a current gain of the line driver, M 1s a current
gain of the first current source, and N 1s a current gain of the
second current source. 3. equals a resistance of the load
divided by a resistance of the off-chip resistor. P, equals a
resistance of the on-chip source termination divided by a
resistance of the on-chip resistor. V.~ 1s a reference voltage
provided to the first operational amplifier and the second
operational amplifier.

In still another embodiment, the I1C chip 1s an Ethernet
transmitter. For example, the I1C chip can be capable of oper-
ating at a frequency of at least 125 megahertz. In another
example, the IC chip can be capable of operating at a fre-
quency of atleast one gigahertz. The IC chip can have a return
loss that satisfies a return loss requirement of IEEE Std.
802.3ab and/or proposed IEEE Std. 802.3an. Information
relating to proposed IEEE Std. 802.3 can be found at http://
www.1eee802.org/3/an/mndex.html.

According to an embodiment, a method of adjusting the
output voltage of the IC chip includes adjusting a trim control
of the on-chip resistor and/or a trim control of the off-chip
resistor. The load may be disconnected from the IC chip,
and/or the first current source may be disabled. The trim
control ofthe on-chip resistor can be adjusted to set the output
voltage of the IC chip. For example, the trim control of the
on-chip resistor can be adjusted in response to disconnecting
the load and/or disabling the first current source. The first
current source can be disabled by setting the second trim
control to approximately zero and/or disconnecting the ofl-
chip resistor from the IC chip.

The load 1s connected to the IC chip, and the first current
source 1s enabled. The trim control of the off-chip resistor 1s
adjusted to set the output voltage of the IC chip in response to
connecting the load and enabling the first current source. The
trim control of the on-chip resistor and the trim control of the
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off-chip resistor can be adjusted proportionally 1n response to
adjusting the trim control of the off-chip resistor to set the
output voltage.

Further features and advantages of the invention, as well as
the structure and operation of various embodiments of the
invention, are described in detail below with reference to the
accompanying drawings. It 1s noted that the invention is not
limited to the specific embodiments described herein. Such
embodiments are presented herein for illustrative purposes
only. Additional embodiments will be apparent to persons
skilled 1n the relevant art(s) based on the teachings contained
herein.

BRIEF DESCRIPTION OF TH.
DRAWINGS/FIGURES

T

The present 1invention 1s described with reference to the
accompanying drawings. In the drawings, like reference
numbers indicate 1dentical or functionally similar elements.
Additionally, the left most digit(s) of a reference number
identifies the drawing in which the reference number {first
appears.

FI1G. 1 1llustrates an integrated circuit (IC) package accord-
ing to an embodiment of the present invention.

FIG. 2 illustrates a flip chip IC package according to
another embodiment of the present invention.

FIG. 3 1s a schematic representation of a communication
system including a conventional off-chip source termination.

FIG. 4 1s a schematic representation of a communication
system including an on-chip source termination according to
an embodiment of the present invention.

FIG. 5 illustrates a graphical comparison of a first exem-
plary alternating current (AC) frequency response 1n the IC
die of the communication system shown 1n FIG. 3 and a
second exemplary AC frequency response 1n the IC die of the
communication system shown in FIG. 4 according to an
embodiment of the present invention.

FIG. 6 1llustrates a graphical comparison of a third exem-
plary AC frequency response at the load of the communica-
tion system shown in FIG. 3 and a fourth exemplary AC
frequency response at the load of the communication system
shown 1n FIG. 4 according to an embodiment of the present
ivention.

FIG. 7 illustrates a graphical comparison of a first step
response 1n the IC die of the communication system shown in
FIG. 3 and a second exemplary step response 1n the I1C die of
the communication system shown in FIG. 4 according to an
embodiment of the present invention.

FI1G. 8 1llustrates a graphical comparison of a third exem-
plary step response at the load of the communication system
shown 1n FIG. 3 and a fourth exemplary step response at the
load of the communication system shown 1n FI1G. 4 according
to an embodiment of the present invention.

FIG. 9 1s a graphical representation of return loss with
respect to frequency for the communication system shown in
FIG. 3.

FIG. 10 1s a graphical representation of return loss with
respect to frequency for the communication system shown in
FIG. 4 according to an embodiment of the present invention.

FIG. 11 1s a graphical representation of the return loss of
the communication system shown 1n FIG. 4 having an 85£2
untrimmed unsilicided poly termination resistor according to
an embodiment of the present invention.

FI1G. 12 1s a graphical representation of the return loss of
the communication system shown 1n FIG. 4 having a 115£2
untrimmed unsilicided poly termination resistor according to
an embodiment of the present invention.
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FIG. 13 1s a schematic representation of an active source
termination.

FIG. 14 1s a schematic representation of a programmable
source termination.

FIG. 15 15 a schematic representation of a communication
system 1ncluding a bias generator according to an embodi-
ment of the present 1nvention.

FIG. 16 1s a schematic representation of the bias generator
shown 1n FIG. 15 according to an embodiment of the present
invention.

FIG. 17 1s an example schematic representation of the line
driver shown 1n FIG. 15 according to an embodiment of the
present invention.

FIG. 18 1s a flowchart of a method of adjusting a transmit
voltage of an integrated circuit (IC) die according to an
embodiment of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

Although the embodiments of the invention described
herein refer specifically, and by way of example, to Ethernet
systems, including Ethernet transmitters, 1t will be readily
apparent to persons skilled 1n the relevant art(s) that the inven-
tion 1s equally applicable to other communication systems,
including but not limited to serializer/desenalizer (SerDes)
systems, optical systems, cable systems, digital subscriber
line (DSL) systems, and/or any combination thereof. An Eth-
ernet transmitter can be an Ethernet transceiver, for example.
It will also be readily apparent to persons skilled in the rel-
evant art(s) that the invention 1s applicable to any communi-
cation system requiring an accurate transmit voltage.

1.0 Integrated Circuit (IC) Package

FIG. 1 illustrates an integrated circuit (IC) package 100
according to an embodiment of the present invention. The IC
package 100 includes an IC die 110, bond wires 115, and a
substrate 120. IC die 110 can be coupled to substrate 120 via
an adhesive, such as epoxy. Bond wires 113 electrically con-
nect IC die 110 to substrate 120. For instance, bond wires 115
can be coupled between one or more bond pads at a surface of
IC die 110 and one or more bond pads at a surface of substrate
120. Substrate 120 can be of any suitable type, including but
not limited to Bismalemide Triazine (BT), ceramic, FR4,
glass, organic, plastic, tape (flex), and Teflon. In FIG. 1,
substrate 120 1s coupled to a printed wire board (PWB) 130
via solder balls 140 for 1llustrative purposes.

FIG. 2 1llustrates a tlip chip 1C package 200 according to
another embodiment of the present invention. Flip chip IC
package 200 includes a tlip chip IC die 210 coupled via solder
bumps 215 to a stiffener 225. Stiffener 225 1s coupled to
substrate 120 to provide structural support, though the scope
of the mvention 1s not limited in this respect. For instance,
stiffener 225 may not be needed to support substrate 120. In
FIG. 2, substrate 120 1s coupled to a printed circuit board
(PCB) 230 via solder balls 140 for illustrative purposes.

2.0 Source Termination

FIG. 3 1s a schematic representation of a communication
system 300 including a conventional off-chip source termi-
nation (R ) 350. Communication system 300 further includes
IC die 110, 210 having a line driver 320 coupled 1n parallel
with a capacitor 330 for illustrative purposes. Line driver 320
generates a source current. Capacitor 330 represents the para-
sitic capacitance (e.g., 7 pF) associated with IC die 110, 210.

In the embodiment of FIG. 3, an inductor 340 1s coupled
between line driver 320 and off-chip source termination 350.
Inductor 340 represents the parasitic inductance (e.g., 7 nH)
associated with IC package 100, 200. The parasitic induc-



US 7,576,587 B2

S

tance can include the inductance associated with bond wires
115 of IC package 100 1n FIG. 1 or the inductance associated
with solder bumps 215 of IC package 200 1n FI1G. 2, to provide
some examples.

Off-chip source termination 350 1s coupled 1n parallel with
capacitor 360 and aload 370 for1llustrative purposes. Capaci-
tor 360 represents the parasitic capacitance (e.g., 1 pF) asso-
clated with the board to which IC package 100, 200 is
coupled. Capacitor 360 can represent the parasitic capaci-
tance associated with PWB 130 in FIG. 1 or PCB 230 1n FIG.
2, to provide some examples.

The resistance of off-chip source termination 350 and the
resistance of load 370 can be approximately the same. For
instance, off-chip source termination 350 and load 370 can
cach have a resistance of 50€2 or 100€2, to provide some
examples. Ofl-chip source termination 350 and load 370 can
have any suitable resistance, and the resistance of each need
not necessarily be the same. The voltage across load 370 (V ),
also referred to as the transmit voltage or the output voltage
(V 5r-7), 18 based on the resistance of off-chip source termi-
nation 350.V, 1s proportional to the source current generated
by line driver 320.

FIG. 4 1s a schematic representation of a communication
system 400 including an on-chip source termination (R ) 450
according to an embodiment of the present imvention. On-
chip source termination 450 can be a non-precision resistor,
such as an unsilicided poly resistor, though the scope of the
present invention 1s not limited 1n this respect. On-chip source
termination 450 can be any suitable termination. In contrast to
off-chip source termination 350 shown in FIG. 3, on-chip
source termination 450 1in FIG. 4 1s included 1n I1C die 110,
210. On-chip source termination 450 1s coupled 1n parallel
with line driver 320 and capacitor 330 for illustrative pur-
poses. In the embodiment of FIG. 4, inductor 340 1s coupled
between on-chip source termination 450 and load 370.

2.1 On-Chip v. Off-Chip Source Termination

Referring to FIGS. 5-8, on-chip source termination 450 of
communication system 400 can reduce voltage peaking and/
or voltage overshoot, as compared to off-chip source termi-
nation 350 of communication system 300. FIGS. 5 and 7
illustrate that on-chip source termination 450 can reduce volt-
age peaking and/or voltage overshoot i IC die 110, 210.
FIGS. 6 and 8 1llustrate that on-chip source termination 450
can reduce voltage peaking and/or voltage overshoot at load
370. According to an embodiment, communication system
400 1ncluding on-chip source termination 450 has substan-
tially no voltage peaking and/or voltage overshoot.

FIG. 5 illustrates a graphical comparison 500 of a first
exemplary alternating current (AC) frequency response 510
in IC die 110, 210 of communication system 300 shown 1n
FIG. 3 and a second exemplary AC frequency response 520 1n
IC die 110, 210 of communication system 400 shown in FIG.
4 according to an embodiment of the present invention.
Graphical comparison 500 shows a semi-logarithmic plotofa
voltage inside IC die 110, 210 of communication systems 300
and 400 1n units of mVdB over a range of frequencies from 10
MHz to 10 GHz. Referring to FIG. 5, first AC frequency
response 310 peaks more than 6 mVdB at approximately 900
MHz, as compared to second AC frequency response 520.

FIG. 6 illustrates a graphical comparison 600 of a third
exemplary AC frequency response 610 at load 370 of com-
munication system 300 shown 1n FIG. 3 and a fourth exem-
plary AC frequency response 620 at load 370 of communica-
tion system 400 shown 1n FIG. 4 according to an embodiment
of the present invention. Graphical comparison 600 shows a
semi-logarithmic plot of the load voltages (V) of communi-
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cation systems 300 and 400 1n units of mVdB over a range of
frequencies from 10 MHz to 10 GHz. In FIG. 6, third AC
frequency response 610 peaks about 2 mVdB at approxi-
mately 900 MHz, as compared to fourth AC frequency
response 620.

FIG. 7 1illustrates a graphical comparison 700 of a first
exemplary step response 710 1n IC die 110, 210 of commu-
nication system 300 shown 1n FIG. 3 and a second exemplary
step response 720 1 IC die 110, 210 of communication sys-
tem 400 shown 1n FIG. 4 according to an embodiment of the
present mnvention. Graphical comparison 700 shows a Carte-
s1an plot of a voltage mnside IC die 110, 210 of communication
systems 300 and 400 1n units of V over a time period from 9.0
ns to 17.0 ns.

In FIG. 7, first step response 710 peaks approximately 400
mV at both its rising and falling edges, as compared to second
step response 720. In other words, first step response 710 has
approximately 40% voltage overshoot, as compared to sec-
ond step response 720.

FIG. 8 1illustrates a graphical comparison 800 of a third
exemplary step response 810 at load 370 of communication
system 300 shown 1n FIG. 3 and a fourth exemplary step
response 820 at load 370 of communication system 400
shown 1n FIG. 4 according to an embodiment of the present
ivention.

Reterring to FI1G. 8, third step response 810 peaks approxi-
mately 200 mV at both its rising and falling edges, as com-
pared to fourth step response 820. In other words, third step
response 810 has approximately 20% voltage overshoot, as
compared to fourth step response 820.

A voltage peak, such as that depicted by first AC frequency
response 510 or third AC frequency response 610, or a voltage
overshoot, such as that depicted by first step response 710 or
third step response 810, can cause a hybrid residual 1n a
bi-directional communication system. A hybrid residual 1s
essentially an error signal. For instance, the hybrid residual
can result from an imperfect subtraction of a transmuit signal
from a composite signal that includes the transmait signal and
a recerve signal. If the transmit signal 1s not properly sub-
tracted from the composite signal, the resulting signal can be
a combination of the receive signal and the hybrid residual.

Referring back to FIG. 4, communication system 400 can
include a circuit to subtract the transmit signal from the com-
posite signal. The hybrid residual may result from an 1nability
of the circuit to adequately predict a voltage peak or a voltage
overshoot or to compensate for the voltage peak or the voltage
overshoot. For example, the circuit can be an adaptive elec-
tronic transmission signal cancellation circuit, as described in
U.S. Pat. No. 6,259,745, filed Oct. 29, 1999, which 1s incor-
porated herein by reference 1n its entirety.

FIG. 9 1s a graphical representation 900 of return loss with
respect to frequency for communication system 300 shown in
FIG. 3. The return loss 1s depicted 1n umts of dB over a
frequency range from 0 MHz to more than 600 MHz. Return
loss requirements for a variety of technologies are illustrated.
The return loss requirements 1n FIG. 9 correspond to 10
megabit (10 BT), 100 megabit (100 BT), 1 gigabit (1 GBT),
and 10 gigabit (10 GBT) Ethernet technologies. A first return
loss plot 910 shows the return loss of communication system
300 having a termination impedance (Z,) of 83£2. A second
return loss plot 920 shows the return loss of communication
system 300 having a Z, of 113€2.

Termination 1impedances of 8582 and 115€2 are used for
illustrative purpose to indicate that ofl-chip source termina-
tion 350 can have a nominal resistance of 100€2 with a varia-
tion of £15%. The first and second return loss plots 910 and
920 show the return loss of communication system 300 for the
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off-chip source termination 350 having a variation of —15%
and +15%, respectively. Plot 930 represents a return loss
requirement for a 10 gigabit Ethernet, also referred to as 10
GHz Ethernet.

Referring to FIG. 9, communication system 300 having
off-chip source termination 350 does not pass the 10 gigabit
Ethernet return loss requirement inter alia 930 at frequencies
greater than approximately 350 MHz.

FIG. 10 1s a graphical representation 1000 of return loss
with respect to frequency for communication system 400
shown 1n FIG. 4 according to an embodiment of the present
invention. In the embodiment of FIG. 10, on-chip source
termination 450 1s an unsilicided poly resistor having a nomi-
nal resistance of 100€2 with a tolerance of £15%. Thus, the
resistance of the unsilicided poly resistor can be any value in
the range of 852 to 113€2.

Plots 1010 and 1020 of the return loss of communication
system 400 having 7Z,=85€2 and Z,=113£2, respectively, are
shown, 1n addition to return loss requirements for 10 GHz
Ethernet. In FI1G. 10, the return loss of communication system
400 having on-chip source termination 450 with a tolerance
of £15% (1.e., Z,=85L2 and 7Z,=115€2) satisfies the 10 GHz
Ethernet return loss requirement 930 for frequencies up to at
least 600 MHz.

FIGS. 11 and 12 are respective graphical representations
1100 and 1200 of the return loss of communication system
400 shown i FIG. 4 with on-chip source termination 450
being an 85€2 or a 113582 untrimmed unsilicided poly termi-
nation resistor, respectively, according to embodiments of the
present invention. Resistances of 8362 and 115€2 are used for
illustrative purposes because the untrimmed unsilicided poly
resistor can have a varniation of £15%. Such a variation can be
tolerated by the return loss requirements of many technolo-
gies, such as 100-Tx, which requires a transmitter impedance
variation of no more than *15%. However, communication
system 400 having on-chip source termination 450 with a
tolerance of £15% may not be capable of satistying a more
restrictive transmit amplitude accuracy requirement than
+15%. For instance, 100-Tx requires a transmit amplitude
accuracy ol £5%.

On-chip source termination 450 can be adjusted to reduce
the vaniation of the transmit amplitude of communication
system 400. For example, an operational amplifier and/or a
switching means can be used to manipulate the resistance of
on-chip source termination 450. Multiple source terminations
can be coupled 1n series or 1n parallel, such that one or more
ol the source terminations can be disconnected or shorted out
using the switching means. The switching means can be a
transistor or a switch, such as a programmable switch, to
provide some examples.

2.2 Adjusting Source Termination

FIG. 13 1s a schematic representation of an active source
termination 1300. Active source termination 1300 includes
first and second source terminations 1350q and 135054, a
current source 1380, an operational amplifier 1390, and first
and second transistors 1395q and 1395b. Active source ter-
mination 1300 1s connected to load 370 for illustrative pur-
poses.

Operational amplifier 1390 receives a reference voltage
(V) at 1ts positive input terminal and a voltage (V) at its
negative input terminal. Operational amplifier 1390 amplifies
the differential signal defined by the difference betweenV ...
and V . to provide an output voltage to gates of first and second
transistors 1395a and 1393556. Current source 1380 provides a
current (I -, ) that sets a voltage across first source termina-
tion 1350a. Current I -, 1s proportional to V,./R,.
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Retferring to FIG. 13, IC package 100, 200 includes a
teedback network coupled between the negative input termi-
nal of operational amplifier 1390 and a node labeled “V.”
between current source 1380 and first source termination
1350a. The feedback network of operational amplifier 1390,
first transistor 1395q, and first source termination 1350q
cause operational amplifier 1390 to drive first transistor
13954 and first source termination 13504, so that the voltage
V. 1s approximately equal to V... The teedback network
causes the combined impedance of first source termination
1350a and first transistor 1393a at V. to be equal to V.~
divided by I ~,+. This combined impedance 1s a direct func-
tion of the resistance R ; ofload 370. The feedback causes first
transistor 1395a to operate 1n the triode region.

Second source termination 13506 and second transistor
139556 are scaled replicas of first source termination 13504
and first transistor 13935a. Because operational amplifier 1390
controls the gate of second transistor 139556 1n the same
manner as the gate of first transistor 13954, the impedance of
second transistor 13934, operating in triode region, will be a
scaled version of the impedance of first transistor 1393a. A
scale factor 1s chosen, so that the combination of second
source termination 13506 and second transistor 13955 pro-
vides a matched source resistance (R, »~z) t0 load 370.

The source resistance (R ;&) 0f active source termina-
tion 1300 includes the resistance of both second source ter-
mination 135056 and second ftransistor 139556 (i.e.,
Roormcer=Ro+Ra/0-). Adjusting R, o, can improve the
likelihood that R, ,»~z 18 Within an accuracy requirement of
a technology. The size (e.g., gate width, gate length, number
of gate fingers, etc.) of first and second transistors 1395a and
139556 can be based on the variation or potential variation of
R, and/or R.,. The linearity or dynamic range of active
source termination 1300 can be limited based on the voltage
swing associated with second transistor 13955.

FIG. 14 1s a schematic representation of a programmable
source termination 1400. Programmable source termination
1400 i1ncludes first, second, and third source terminations
1450a-c and first, second, and third switches 1495a-c. Pro-
grammable source termination 1400 can include any number
of source terminations 1450 and/or switches 1495. Program-
mable source termination 1400 1s connected to load 370 for
1llustrative purposes.

Source terminations 1450 are connected 1n parallel with
cach other. Switches 14935 each have a first terminal and a
second terminal. Each source termination 1450 1s connected
between line driver 320 of FIG. 3 and the first terminal of
respective switch 1495. The second terminal of respective
switch 1495 1s connected to a reference potential, such as a
ground potential. Switches 1495 can be independently
opened and/or closed to provide a source resistance that sat-
1sfies a source resistance requirement or a transmit amplitude
requirement associated with a technology.

Referring to FI1G. 14, the ability of programmable source
termination 1400 to compensate for different variations in the
resistance of source terminations 1450 1s based on the number
ol source terminations 14350 that are included 1n program-
mable source termination 1400. More source terminations
1450 allow programmable source termination 1400 to com-
pensate for a wider variety of variations 1n the resistance of
source terminations 1430.

Electrical properties of switches 1495 can atfect the opera-
tion of programmable source termination 1400. For example,
parasitics ol switches 14935 can affect the bandwidth of source
terminations 1430. In another example, switches 1495 that
are enabled (1.e., turned on) can have a non-zero impedance
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across their terminals. This non-zero impedance can limit the
linearity and/or dynamic range of programmable source ter-
mination 1400.

FIG. 15 1s a schematic representation of a communication
system 1500 1including a bias generator 1502 according to an
embodiment of the present invention. Communication sys-
tem 1500 further includes line driver 320 and on-chip source
termination 450. Communication system 1500 1s connected
to load 370 for illustrative purposes.

Bias generator 1502 includes a first current source 1504
and a second current source 1506. First current source 1504
provides the first current I,. Second current source 1506 pro-
vides the second current I,. I, and I, are combined at element
1508 to provide the bias current, I, ,.. For instance, element
1508 can be a node of the bias generator 1502.

In the embodiment of FIG. 15, bias generator 1502
includes two current sources 1504 and 1506 to allow 15, ..
and thus I.,;»~z 10 be adjusted off-chip and to provide a
more stable transmit voltage V,, as described 1n further detail
below.

Line driver 320 amplifies I, , . by a factor of K to provide
the source current, Il ;n-r=KXlzr,c. loprmer Can be
adjusted by bias generator 1502 to achieve an accurate trans-
mit voltage, rather than adjusting on-chip source termination
450. Not having to adjust on-chip source termination 4350 can
improve linearity, increase dynamic range, and/or improve
bandwidth of communication system 1500, as compared to
communication system 1300 or 1400. Communication sys-
tem 1500 can have nine-bit, ten-bit, eleven-bit, or twelve-bit
linearity, to provide some examples. Communication system
1500 can have at least 60 dB harmonic distortion. The band-
width of communication system 1500 can be at least 500
MHz.

Communication system 1500 can satisly a more restrictive
transmit amplitude accuracy requirement than +15% without
requiring that on-chip source termination have a variation of
less than +15%. For instance, communication system 1500
can satisty a transmit amplitude accuracy requirement of
+5%, even 1 the resistance of on-chip source termination 450
varies £15%.

FIG. 16 1s a schematic representation of bias generator
1502 shown in FIG. 15 according to an embodiment of the
present imvention. Bias generator 1502 1ncludes transistors

1610a-/, an external resistor (R ) 1620, an internal resistor
(R, 1630, and operational amplifiers 1640a and 16405

(heremaiter 1640).

Referring to FIG. 16, operational amplifier 1640a has a
positive input terminal (+), a negative input terminal (-), and
an output. Operational amplifier 1640q receives a reference
voltage (V) at 1ts positive input terminal. Transistor 1610c¢
has a gate, a source, and a drain. The gate of transistor 1610c¢
1s coupled to the output of operational amplifier 1640a. The
source of transistor 1610c¢ 1s coupled to the negative input
terminal of operational amplifier 1640q and to external resis-
tor 1620. As shown 1n FIG. 16, external resistor 1620 1s not
included 1 IC die 110, 210. Operational amplifier 1640a
controls transistor 1610c¢ so that the voltage at the negative
input terminal (-) of operational amplifier 1640a 1s driven to
V.- Therefore, the current I, that flows through external
resistor 1620 may be represented by the equation 1,=V 4.~/

REXT‘
The drain of transistor 1610¢ 1s coupled to a gate of tran-

sistor 1610a and a gate of transistor 16105. Transistor 1610qa
1s diode-connected, such that the gate of transistor 1610a and
the drain of transistor 1610qa are connected. Thus, 1n FIG. 16,

the drain of transistor 1610c¢ 1s connected to both the gate of
transistor 1610q and the drain of transistor 1610a. The gate of
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transistor 1610a and the drain of transistor 1610qa are at sub-
stantially the same voltage/potential. The sources of transis-
tors 1610aq and 16105 are coupled to a supply voltage.

The current I, that tlows through external resistor 1620 also
flows through transistor 1610qa. The size of transistor 1610a 1s
related to the size of transistor 161056 by a ratio of 1:M. First
current source 1504 of FIG. 15 has an adjustable current gain
equal to M. Accordingly, I, =MxI;=MxV , /R ... M can be
referred to as the first trim control the trim control for R .,
or the external trim control.

In FIG. 16, operational amplifier 16405 has a positive input
terminal (+), a negative mput terminal (-), and an output.
Operational amplifier 16405 receives a reference voltage
(V) at 1ts positive input terminal. Transistor 1610/ has a
gate, a source, and a drain. The gate of transistor 1610/ 1s
coupled to the output of operational amplifier 16405. The
source of transistor 1610/ 1s coupled to the negative 1nput

terminal of operational amplifier 16405 and to 1internal resis-
tor 1630. As shown in FIG. 16, internal resistor 1630 1s

included m IC die 110, 210. Operational amplifier 16405
controls transistor 1610/ so that the voltage at the negative
input terminal (-) of operational amplifier 16405 1s driven to
V.- Therefore, the current I, that flows through internal
resistor 1630 may be represented by the equation 1,=V ../
Rz

The drain of transistor 1610/ 1s coupled to a gate of tran-
sistor 16104 and a gate of transistor 1610e. Transistor 1610d
1s diode-connected, such that the gate of transistor 16104 and
the drain of transistor 16104 are connected. thus, 1n FIG. 16,
the drain of transistor 1610/ 1s connected to both the gate of
transistor 16104 and the drain of transistor 1610d. The gate of
transistor 16104 and the drain of transistor 16104 are at sub-
stantially the same voltage/potential. The sources of transis-
tors 16104 and 1610e are coupled to a supply voltage.

The current 1, that flows through internal resistor 1630 also
flows through transistor 1610d. The size of transistor 16104 1s
related to the size of transistor 1610e by aratio of 1:N. Second
current source 1506 of FIG. 15 has an adjustable current gain
equal to N. Accordingly, I,=NxI,=NxV ../R .+ N can be
referred to as the second trim control the trim control for
R, or the internal trim control.

I, and I, are combined 1n bias generator 1502 to provide
., Where

M - Ryt + N - Rgxr

Rint - Rexr

V
o N REF _

Rint

VREF

Ipppas=h+hHL =M - VREF.

RExt

In the embodiment of FIG. 16, bias generator 1502 1s
manufactured on-chip, except for external resistor 1620. IC
die 110, 210 i1ncludes transistors 1610a-f, internal resistor
1630, and operational amplifiers 1640. For example, external
resistor 1620 can be a discrete resistor that 1s coupled to an
outer surface of IC die 110, 210. External resistor 1620 can
have a more accurate resistance than internal resistor 1630.
For instance, external resistor 1620 can have an accuracy of
+1%, and internal resistor 1630 can have an accuracy of
+15%.

FIG. 17 1s an example schematic representation 1700 of
line driver 320 shown 1n FIG. 13 according to an embodiment
of the present invention. However, schematic representation
1700 1s provided for 1llustrative purposes and 1s not intended
to limit the scope of the present invention. Line driver 320
may have any of a variety of configurations.

In FIG. 17, schematic representation 1700 shows the com-
mon mode portion of line driver 320 coupled to on-chip
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source termination 450. Line driver 320 includes a first tran-
sistor 1710, a second transistor 1720, a third transistor 1730,
and a fourth transistor 1740. Transistors 1710, 1720, 1730,
and 1740 each include a drain, a gate, and a source. The drain
of firsttransistor 1710 receives 1, , . from bias generator 1502
of FIG. 15. The source of first transistor 1710 1s coupled to a
ground potential. First transistor 1710 1s diode-connected,
such that the drain and the gate of first transistor 1710 are
clectrically connected.

The gate of second transistor 1720 1s coupled to the gate of
first transistor 1710. The source of second transistor 1720 1s
coupled to the ground potential. The drain of second transis-
tor 1720 1s coupled to the source of third transistor 1730 and
the source of fourth transistor 1740. A differential signal 1s
provided between the gate of third transistor 1730 and the
gate of fourth transistor 1740. The drain of third transistor
1730 can be connected to a supply voltage, though the scope
of the mvention 1s not limited 1n this respect. For instance,
other circuitry can be connected to the drain of third transistor
1730. The drain of fourth transistor 1740 1s connected to
on-chip source termination 450 and load 370.

The size of first transistor 1710 1s related to the size of
second transistor 1720 by a ratio of 1:K. Line driver 320 has
a current gain equal to K. Accordingly, ., m =KXl 57, o

Referring to FIGS. 15-17, R ..~and R, are both external to
IC die110, 210. R .,-and R, track each other. For instance, a
variation in the resistance of R, corresponds to a similar
variation 1n the resistance of R, , and vice versa. If

Ry,

3
Rexr

BexT =

B v+ Can remain substantially constant in response to a varia-
tion 1n the resistance of R, and/or R 5.

R ,»-~and R < are both included 1n IC die 110, 210. R,,,-and
R . track each other. For instance, a variation in the resistance
of R, corresponds to a similar vanation 1n the resistance of
R, and vice versa. If

B s
INT = ——,
Rint

3 /A Can remain substantially constant in response to a varia-
tion 1n the resistance of R ; _ ,  »~- Using the equations
provided above for 3 ..,-and j3 ;.- the voltage across load 370
can be calculated as follows.

(1)

Vi = Isource - Rour
= K - Ipjas - (Rp||Rs)

M - Ryt + N - Rpxr Rs - Ry,
=K ( )( ) VREF
Rint - RExT Rs + Ry,
M - Ryt + N - Rgxr
=K - (SNt - EXT)'( ]'VREF-
PP Bivt - Rint + Bext - Rexr
[f M-Bexr =N-Binr, (2)
then Vi, = K-M - Bexr - Vrer (3)
= K-N-Binvr- Vrer (4)

Thus, a variation 1n the resistance of R;, R+~ Re, Roarm OF
any combination thereof can have less of an impact onV, of
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communication system 1500, as compared to communication
systems having conventional source terminations. For
instance, V, can have substantially less variation than R,,
Rexr Rg, and Ryyr-

R ..~and load (R,) 370 can have a tolerance of £1%. R,
and on-chip source termination (R ) 450 can have a tolerance
of £15%. For example, R ., and R can be unsilicided poly
resistors. In this example, the ratio of the unsilicided poly
resistors R,-and R (1.e.,

R
BN = ——)

RNt

can vary less than 5% 1n response to variations in the tem-
perature and/or the process used to fabricate R,,-and R.. It
first trim control M 1s adjusted to be approximately equal to
second trim control N as provided in equation (2), then the
transmit voltage V, 1n equations (3) and (4) does not depend
on the absolute value of R, or R.. Instead, V; depends on
the ratio

Ks

Bint = —.
Rint

FIG. 18 1s a flowchart 1800 of a method of adjusting a

transmit voltage of an mtegrated circuit (IC) die according to
an embodiment of the present invention. The IC chip can be
included 1 an IC package (e.g., IC package 100, 200) to
provide some examples. The invention, however, 1s not lim-
ited to the description provided by tlowchart 1800. Rather, 1t

will be apparent to persons skilled in the relevant art(s) from
the teachings provided herein that other functional flows are
within the scope and spirit of the present invention.

Flowchart 1800 will be described with continued reference

to example communication system 1500 described above 1n
reference to FIGS. 15-17.

For instance, the method 1llustrated by flowchart 1800 can
be used to adjust first trim control M of bias generator 1502
shown 1 FIGS. 15 and 16 to satisty equation (2) provided

above. The invention, however, 1s not limited to the embodi-
ments of FIGS. 15-17.

Referring to FIG. 18, load 370 can be disconnected at step
1810 from IC die 110, 210, though load 370 need not neces-
sarily be disconnected. For instance, load 370 may not 1ni1-
tially be connected to IC die 110, 210. First current source
1504 can be disabled at step 1820, though first current source
1504 need not necessarily be disabled. For instance, first
current source 1504 may not imtially be enabled. Step(s)
1810 and/or 1820 can be performed by setting first trim con-
trol M to zero or by disconnecting R . from IC die 110, 210,
to provide some examples.

Second trim control N 1s adjusted at step 1830 to set the
output voltage (V 5, o IC die 110, 210. For example, N can
be increased or decreased to adjustV ,,,-to a desired transmit
voltage. Load 370 1s connected at step 1840 to 1C package
100, 200. First current source 1504 1s enabled at step 1850.

Performing step(s) 1840 and/or 1850 can cause V ,,,, to
shift from the desired transmait voltage. First trim control M 1s
adjusted at step 1860 to adjust V 5, For instance, M can be
increased or decreased to re-adjust V 5, to the desired trans-
mit voltage. First trim control M and second trim control N
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can be adjusted proportionally at step 1870. For example,
V o can be turther adjusted by changing both M and N
proportionally.

M and/or N can be adjusted using fuses, for example.
Adjusting M or N does not adjust load 370. Instead, adjusting
M or N adjusts the bias of IC die 110, 210. The signal band-
width and/or the signal quality of IC die 110, 210 or commu-
nication system 1500 may not be negatively aflected by
adjusting M or N.

The method 1llustrated by flowchart 1800 can allow the
transmit amplitude (1.e., the amplitude of V,,,-) to be
adjusted over a wide range, while maintaining a high transmat
amplitude accuracy. V ,,~may not be sensitive to a variation
in temperature, a voltage provided to IC die 110, 210, or the
process used to fabricate on-chip source termination 450, to
provide some examples. The method can provide superior
linearity, dynamic range, and/or bandwidth characteristics, as
compared to methods that involve having an active circuit or
a programmable switch in the source termination. The
method 1s applicable to high-speed and/or high-precision
transceivers/transmitters, though the scope of the present
invention 1s not limited 1n this respect. The method 1s appli-
cable to a variety of technologies, such as 1 gigabit Ethernet
or 10 gigabit Ethernet over unshielded twisted pair (UTP)
cable, for example. Persons skilled 1n the relevant art(s) will
recognize that the method 1s applicable to any suitable com-
munication system.

CONCLUSION

Example embodiments of the methods, systems, and com-
ponents of the present invention have been described herein.
As noted elsewhere, these example embodiments have been
described for 1llustrative purposes only, and are not limiting.
Other embodiments are possible and are covered by the
invention. Such other embodiments will be apparent to per-
sons skilled in the relevant art(s) based on the teachings
contained herein. Thus, the breadth and scope of the present
invention should not be limited by any of the above described
exemplary embodiments, but should be defined only 1n accor-
dance with the following claims and their equivalents.

What 1s claimed 1s:

1. A method of adjusting an output voltage of an integrated
circuit (IC) die having a first current source coupled to an
on-chip resistor and a second current source coupled to an
off-chip resistor, the method comprising:

adjusting a current gain of the first current source to set the

output voltage of the IC die;

coupling a load to the IC die;

enabling the second current source;

summing a first current from the first current source and a

second current from the second current source; and
adjusting a current gain of the second current source in
response to a shift in output voltage of the IC die.

2. The method of claim 1, further comprising disconnect-
ing the load from the IC die, wherein adjusting the current
gain of the first current source 1s performed in response to
disconnecting the load.
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3. The method of claim 1, further comprising disabling the
second current source, wherein adjusting the current gain of
the first current source 1s performed 1n response to disabling,
the second current source.

4. The method of claim 3, wherein disabling the second
current source comprises setting the current gain of the sec-
ond current source to approximately zero.

5. The method of claim 3, wherein disabling the second

current source comprises disconnecting the off-chip resistor
from the IC die.

6. The method of claim 1, further comprising adjusting the
current gain of the first current source and the current gain of
the second current source proportionally in response to
adjusting the current gain of the second current source to set
the output voltage of the IC die.

7. The method of claim 1, wherein summing the first cur-
rent and the second current comprises:

combining the first current from the first current source and
the second current from the second current source to
provide a bias current to a line driver of the IC die; and

amplifying the bias current using the line driver to provide
a source current to an output load of the IC die.

8. The method of claim 7, wherein combining the first
current and the second current comprises:

controlling a first transistor of the first current source using
a first operational amplifier; and

controlling a second transistor of the second current source
using a second operational amplifier.

9. The method of claim 8, wherein adjusting the trim con-
trol of the ofi-chip resistor comprises setting the output volt-
age n accordance with equation
Vor7mKMProrVorze=K-N-B -7V » ., wherein K 1s a cur-
rent gain of the line driver, M 1s the trim control of the off-chip
resistor, N 1s the trim control of the on-chip resistor, .+~
equals a resistance of the load divided by a resistance of the
off-chip resistor, [ ,»equals a resistance of an on-chip source
termination of the IC die divided by a resistance of the on-
chip resistor, and V. 1s a reference voltage provided to the
first operational amplifier and the second operational ampli-

fier.

10. The method of claim 1, wherein adjusting the current
gain of the second current source comprises at least one of
increasing a current delivered to the load of the IC die and
decreasing the current delivered to the load of the IC die,
thereby shifting the output voltage of the IC die to a desired
output voltage.

11. The method of claim 10, wherein increasing the current
delivered to the load comprises raising the output voltage of

the IC die.

12. The method of claim 10, wherein decreasing the current
delivered to the load comprises lowering the output voltage of

the IC die.
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